To determine whether practicing a position-discrimination task improves visual performance in children with amblyopia and to determine the mechanism(s) of improvement. METHODS. Five children (age range, 7-10 years) with amblyopia practiced a positional acuity task in which they had to judge which of three pairs of lines was misaligned. Positional noise was produced by distributing the individual patches of each line segment according to a Gaussian probability function. Observers were trained at three noise levels (including 0), with each observer performing between 3000 and 4000 responses in 7 to 10 sessions. Trial-by-trial feedback was provided. RESULTS. Four of the five observers showed significant improvement in positional acuity. In those four observers, on average, positional acuity with no noise improved by approximately 32% and with high noise by approximately 26%. A positionaveraging model was used to parse the improvement into an increase in efficiency or a decrease in equivalent input noise. Two observers showed increased efficiency (51% and 117% improvements) with no significant change in equivalent input noise across sessions. The other two observers showed both a decrease in equivalent input noise (18% and 29%) and an increase in efficiency (17% and 71%). All five observers showed substantial improvement in Snellen acuity (approximately 26%) after practice. CONCLUSIONS. Perceptual learning can improve visual performance in amblyopic children. The improvement can be parsed into two important factors: decreased equivalent input noise and increased efficiency. Perceptual learning techniques may add an effective new method to the armamentarium of amblyopia treatments. (Invest Ophthalmol Vis Sci. 2005;46: 3161-3168)
A mblyopia is a developmental disorder of spatial vision that affects approximately 3% of the population worldwide. 1, 2 It occurs at an early age as a result of abnormal visual experience. The common causes are refractive imbalance (anisometropia), 3 misalignment of the visual axis (strabismus), 4 asymmetric meridian power (astigmatism), 5 high refractive error, 6 and/or form deprivation resulting from congenital cataract 7 or ptosis. 8 The key clinical characteristic is reduced visual acuity in the amblyopic eye without any manifest ocular disease. The amblyope's line visual acuity is often worse than the isolated single-letter acuity-a difference known as crowding. 9 The loss of acuity can be attributed in part to the loss of contrast sensitivity in medium and high spatial frequency (SF) mechanisms. 10, 11 The degree of binocular imbalance strongly influences the depth of amblyopia. 3, 12 In addition, amblyopes show deficits in a range of visual tasks. These include hyperacuity, [13] [14] [15] [16] shape perception, 17 contour integration, 18 spatial interaction of surrounding visual objects, 19, 20 phase sensitivity, 21 visual counting, 22 pattern vision, 23 stereopsis, 24 and motionprocessing 25 deficits. Several psychophysical theories have been proposed to explain the abnormal visual perception in the amblyopic brain: (1) an increase in the size of cortical receptive fields, 13 with the peak of the SF tuning shifted to lower spatial frequencies; (2) a decrease in the contrast sensitivity of small cortical filters 10, 11 ; (3) a decrease in the density of cortical neurons (i.e., undersampling) 26 ; and (4) an increase in spatial uncertainty or distortion, with the neural representation of the visual image being somewhat distorted at the cortical level. 26 -29 Recent studies have shown that the loss of binocular vision may be critical in the development of amblyopia. 30, 31 Amblyopia is often said to be irreversible beyond the critical age. Thus, treatment for amblyopia is commonly undertaken only in children younger than 10 years (usually younger than 6). 32 However, recent studies have shown that occlusion therapy can be successful, even when initiated between 9 and 15 years of age. 33, 34 There is now considerable evidence that the mature amblyopic brain retains a certain degree of plasticity. [35] [36] [37] [38] [39] The standard amblyopia therapy over the past four centuries has consisted of penalizing the preferred eye with an eye patch or atropine, 40 thus forcing the brain to use visual signals from the amblyopic eye. The response to occlusion therapy is related to the type and the depth of amblyopia. 41, 42 As visual acuity improves, all aspects of amblyopia, such as contrast sensitivity, 43 hyperacuity, 44 lateral interaction, 43 contour integration, 45 visual counting, 46 stereoacuity, 47 and eye movement 44 deficits normalize to a certain extent during the treatment. The recovery of acuity has been shown to be associated with an overall increase in cortical activity, 48 and the visual acuity gained in the amblyopic eye can frequently be retained for a period. 49, 50 Most recent studies attempt to standardize the time course of patching and to maximize the treatment efficacy. 51 Drug treatment for amblyopia is currently being evaluated. However, the use of a neurotransmitter (levodopa) to increase the plasticity of the amblyopic brain is still controversial. 52, 53 In a recent study, we demonstrated that perceptual learning may be a useful approach to improving visual performance in adult amblyopia. 46 We asked seven adult observers with amblyopia to practice a repetitive position-discrimination task. The observers' task was to identify the misaligned stimulus out of three stimuli (three-alternative forced choice; 3AFC). The stimulus comprised two line segments, each of eight discrete Gabor patches. Trial-by-trial feedback was provided. After practice, the participants showed substantial improvement in the trained visual task. To explore the underlying learning mechanisms, we added positional noise to the individual discrete The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
parts of the stimuli. We found that learning boosted the brain's ability to sample the stimulus information (i.e., improved efficiency) and lowered the equivalent internal noise levels, (i.e., decreased the internal jitter of the neural representation of the visual stimuli). The learning effects transferred to visual acuity and other higher-level visual tasks, such as counting and stereopsis. On average, the adult amblyopes showed approximately two letter lines (30% in minimum angle of resolution [MAR] ) improvement in uncrowded single-letter acuity.
In the present study, we sought to determine whether positional discrimination could be improved in patients with juvenile amblyopia (between the ages of 7 and 10 years) with perceptual learning. Positional noise was used to mimic the positional noise inside the human visual system and to learn about the underlying neural mechanisms. Our purpose was to characterize the limits of improvement for a range of noise levels and the time course of learning. To determine whether perceptual learning of a position task transfers to visual acuity, we monitored the change in visual acuity during the course of training. Our ultimate goal is to develop more effective and efficient techniques for amblyopia treatment, which is currently based almost entirely on passive occlusion of the preferred eye, in clinical settings.
METHODS

Visual Stimuli
In this study, we used an experimental setup similar to that in our previous studies 46 to measure the positional-discrimination threshold. The stimulus comprised two line segments with a 34-arcmin gap between the two segments ( Fig. 1) . Each segment consisted of eight Gabor patches (carrier SF, 5 cyc/deg), and the patch separation was 21.3 arcmin. The Gaussian envelope standard deviation of each Gabor patch was 2.5 and 7.5 arcmin for the horizontal and vertical orientations, respectively. The mean luminance of the stimuli was 55 cd/m 2 , and the contrast of each Gabor patch was 99%. Light shielding was used to block stray light from the monitor screen. Positional noise was produced by distributing the position of each Gabor patch in the vertical direction according to a Gaussian probability function. The average offset of each jittered segment was forced to be zero by uniformly shifting the eight patches. An offset was produced by randomly shifting the right segment up or down.
Observers and Procedures
Five young amblyopes, aged from 7 to 10 years (mean age, 8.5 years), were tested with full optical corrections. Table 1 shows the clinical data of individual observers. Note that all had previously undergone occlusion therapy. Viewing was monocular; the eye not being tested was occluded with a standard black eye patch. The observer's head was not constrained by a headrest, but careful attention was paid to keeping the head straight. The data collection for each observer was completed in approximately 4 weeks. Each session took approximately 2 hours (including breaks). None of the observers had any prior experience in psychophysical experiments. The research adhered to the tenets of the Declaration of Helsinki. The experiments were un-FIGURE 1. Visual stimuli with positional noise. The top stimulus is misaligned, in that the mean offset of the right segment is higher than that of the left segment. Trial-by-trial feedback was provided audiovisually. If the response was incorrect, the cartoon angel shown pointed to the correct choice with different sounds. 
Ϫ1
In the present study, the Bailey-Lovie chart was used for visual acuity measurement. The visual acuity data of the prior treatments were based on the Lea chart. Strab, strabismus; aniso, anisometropia; eso, esotropia; hyper, hyperopia. To take into account the different viewing distances, we specified the noise and the threshold in units of the patch carrier SF (i.e., units).
Psychophysical Methods
A 3AFC paradigm was used to measure position discrimination. The observer's task was to indicate the position of the misaligned stimulus (top, middle, or bottom). Stimuli remained on the monitor screen until the observer had responded. Trial-by-trial feedback was provided audiovisually. If the response was correct, a popup box with a check (͌) would appear on the computer screen accompanied by a verbal response (e.g., "excellent," "good job") and a sound (e.g., "clapping"), to keep the child engaged. For an incorrect response, a cartoon angel (see Fig. 1 ) would point to the correct choice with different sounds (e.g., "oops," "sorry"). A modified interleaved staircase method was used to control the offset level and to track the individual thresholds. 46 A Weibull analysis was performed to fit the psychometric curve to the response data. The position-discrimination threshold was defined as the offset at which 66% correct responses were obtained (detectability dЈ ϭ 1.1 54 ). A session consisted of 396 responses (132 responses for each noise setting).
Noise Modeling
A positional averaging model 55 was used to quantify the effects of external positional noise ( e ) on the threshold ( th ):
where k denotes the number of samples extracted per segment, n is the number of samples (i.e., eight) in each segment, and i is the equivalent input noise. By measuring the thresholds in different external noise settings, both i and k can be estimated by fitting a threshold versus noise (TvN) curve on the basis of a least-squares computation. Equivalent input noise is the noise that must be added to the stimulus to mimic the limiting noise in the visual system. It largely reflects the amount of noise the observer's visual system adds to the stimulus and quantifies the spatial distortion of the visual space. When external stimulus noise is small compared with equivalent input noise, threshold is determined mainly by equivalent input noise. As the stimulus noise increases and equals the equivalent input noise in magnitude, the threshold begins to rise in proportion to stimulus noise level. Sampling efficiency (E) reflects the computation underlying the use of the information (samples) of the stimulus. In other words, it is a measure of how many samples are extracted from the stimulus for positional averaging, and was defined as: Figure 2 shows that the pretraining positional thresholds of the amblyopic eye, especially for zero and intermediate noise levels (blue solid line), were significantly and substantially elevated when compared with the fellow nonamblyopic eye (blue dashed line). For all observers, the amblyopic eye approached the nonamblyopic eye when the noise level was high. Our observers were tested with different spatial scales according to their visual acuity levels. Therefore, the threshold is plotted in units (wavelength of Gabor patches), to facilitate the comparison between individual observers.
RESULTS
Our primary interest was to quantify the effect of perceptual learning in the amblyopic eyes. We found that, with practice, four of the five observers (JN, CL, AH, and MO) showed marked improvement in positional acuity; however one observer (BB) showed no improvement across sessions (Fig. 2) . Note that the number of sessions varied among the observers. For clarity, we divided the threshold data of the amblyopic eye into four session groups. For the four observers who improved, positional acuity with no noise improved on average by approximately 32% and with intermediate and high noise by approximately 25% and 26%, respectively. The mean data of those four observers is shown in Figure 2 (bottom right). At the highest noise level, the improved posttraining performance of the amblyopic eye was almost comparable with that of the fellow preferred eye. Figure 3A shows a summary of pre-versus posttraining performance for all noise levels (zero, intermediate, and high). The posttraining threshold was defined as the mean threshold of the last two to four sessions (after performance became asymptotic). The data of amblyopic 46 adults (gray symbols) is plotted in the figure (and in the subsequent figures) for comparison. The area below the dashed grey 1:1 line represents posttraining performance being better than the pretraining performance. The overall means of the individual improvements across all three noise levels were 19.2% Ϯ 5.5% (solid black line) and 23.4% Ϯ 2.7% (solid gray line) for juvenile and adult amblyopes, respectively. The mean improvement was approximately the same in both observer groups, suggesting similar limits of learning. We noted that the largest improvement was as high as 50%, and it is important to note that one observer did not show any learning effect.
To explore the neural mechanisms underlying perceptual learning, we used a position averaging model (equation 1) to fit the threshold data in Figure 2 and to parse the improvement into an increase in efficiency or a decrease in equivalent input noise. The reduced performance in the amblyopic eye (before perceptual learning) can be explained by the elevated internal positional noise and/or the reduced sampling efficiency (Figs.  4A, 4B ). The mean equivalent input noise was 0.027 and 0.083 for the preferred and amblyopic eyes, respectively. The mean efficiency was almost the same (approximately 3.5%) in both the preferred and the amblyopic eyes; however, one observer (AH) showed markedly reduced sampling efficiency in the amblyopic eye (2.09%) compared with the fellow preferred eye (3.13%). The data of adult amblyopes 46 (gray open circles) are included in the figure; the large black open circles shows the mean data of all juvenile and adult observers.
There were important individual differences in the pattern of perceptual learning. With training, two observers (JN and CL) showed increased efficiency (51% and 117% improvement) with no significant change in equivalent input noise across sessions (Figs. 4C, 4D ). Their TvN curves gradually shifted downward across sessions (Fig. 2) . This improvement is seen in Figure 4C , as no change in pre-versus posttraining internal noise (data near 1:1 line) and in Figure 4D as a substantial increase in efficiency (above 1:1 line). We note that for observer CL the posttraining performance approached the performance levels of the fellow nonamblyopic eye. Two observers (MO and AH) showed both a decrease in equivalent input noise (18% and 29%) and an increase in efficiency (17% and
Perceptual Learning and Visual Performance in Juvenile Amblyopia 3163 71%; Figs. 4C, 4D ). The TvN curves gradually shifted downward, and the knee points of the curves gradually shifted leftward across sessions (Fig. 2) . The adult amblyope data 46 are also replotted in Figures 4C and 4D (gray open circles) , and the large black open circles show the mean data of all juvenile and adult observers. On average, the equivalent input noise decreased from 0.078 to 0.066 (16%), and the efficiency increased from 7% to 9% (28%).
After the practice of position discrimination, there was an important generalized transfer of learning effects to an untrained letter-recognition task. Figures 5A and 5B show the line and single-letter acuities across training sessions. We recorded the session-to-session visual acuity in three observers (JN, AH, and CL) and found that, in general, their visual acuity normalized gradually with training sessions. To avoid the potential training effects of repeatedly recognizing the letters on the chart, we measured visual acuity only before and after the entire learning experiment was completed by the other two observers (BB and MO). There were important individual variations. Observers JN, BB, and MO showed as much as a 35% improvement (about two letter lines on the Bailey-Lovie chart). In contrast, observer AH showed only enhancement (28%) in line acuity, but not in single-letter acuity, indicating that although the resolution was unchanged, the crowding effect was reduced. On average, our observers showed a 27% Ϯ 2% and 26% Ϯ 6% improvement in line and single-letter acuities, re- spectively. Asymptotic performance was obtained in approximately 7 to 10 sessions. We did not obtain single-letter acuity data for observer CL.
It is worth noting that even though single-letter acuity improved gradually with practice, most observers still showed crowding (i.e., their line letter acuity was still worse than their single-letter acuity). After practice, observer MO obtained 20/20 acuity (line and letter acuities) in both the amblyopic and preferred eyes; however, the positional discrimination threshold in his trained amblyopic eye was still much worse than that in the fellow preferred eye. We note that MO was a mild amblyope (visual acuity 20/25-20/32) to begin with. Sim- 
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ilarly, in a previous study 56 several older observers had visual acuity of 20/20 or better, but significantly reduced positional acuity.
To summarize, when we compared the visual acuity data of adult amblyopes from our earlier study 46 as included in Figures  3B and 5 with the visual acuity data of the juvenile amblyopes, we found that the limit of improvement in juvenile amblyopes was about the same as we had observed in adult amblyopes. The overall mean improvement of all juvenile and adult observers in letter acuity (both line and single) was approximately 30%. Figures 3A and 3B reveal that there is a close connection between positional acuity and visual acuity. 57, 58 This suggests that these visual functions possibly share the same early visual mechanisms. In an exception, one subject in the present study, and in our study of adults, showed no improvement in positional acuity but a significant improvement in visual acuity. In our previous report, 46 the adult observer had very good positional acuity (at a ceiling); however, that was not the case in the present study.
DISCUSSION
Our results show that, in general, the visual performance in children with amblyopia can be substantially improved through practicing a positional discrimination visual task repetitiously. Our use of positional noise, combined with a simple noise model, enables us to identify the underlying neural mechanisms for perceptual learning. Four of the five observers showed enhancement of sampling ability after practice, allowing the amblyopic brain to extract more relevant stimulus information for position processing. Two observers also showed a reduction of equivalent internal noise, contributing to the recalibration of the spatially distorted visual system. There was a generalized transfer of learning effects to an untrained letter-recognition task, resulting in as much as a 2-line improvement. We note that there were individual differences in learning. One of the five juvenile observers did not show any change in positional acuity across sessions. Although he was highly motivated, his pretraining positional threshold could not be lowered through practice. It is not clear why this observer did not show any learning effect. We note that he had a very high level of internal noise. We suspect that the nonresponsiveness may be due to some physiological limitations, such as less malleable synaptic connections. It may be that the higher the level of internal noise, the more practice is needed to trigger neuronal changes.
Our initial speculation was that the developing brain in children may be more plastic and more malleable than that of adults. The extent to which visual acuity improves in juvenile amblyopes was unexpectedly about the same as we found in adult amblyopes in our previous study. 46 There are some differences between these two studies. In our recent study, adult observers performed 750 trials (almost twice as many as juvenile observers in the present study) in longer sessions (approximately 2.5 hours). Because it is difficult for children to maintain attention in a demanding task for such a long time, we asked the children to perform only 400 trials per session. The minimum amount of practice needed to trigger the learningrelated neural changes is not clear. To apply this technique clinically to treat amblyopia, it will be necessary to determine the dose-response for perceptual learning.
In this study, all observers had completed occlusion therapy before starting the experiments (Table 1) . Their amblyopic vision had already improved to a certain extent after the preferred eye was patched for a long period. It is possible that the improvement would have been much greater for "fresh" (previously untreated) amblyopes. Of note, the observers BB and MO did not show any improvement in the amblyopic eye with the prior occlusion therapy, but their visual acuity improved with the practice of the position-discrimination task. Our juvenile observers showed as much as two letter lines of enhancement in visual acuity after just 20 hours of practice. Asymptotic improvement was obtained in 14 to 20 hours. Previous work with adult amblyopes also resulted in a 30% to 50% improvement in visual acuity with perceptual learning. 43, 46 We speculate that younger children of the normal treatment age (Ͻ6 years of age) may show greater perceptual learning effect.
Unlike conventional passive patching, perceptual learning is more active and intensive. Observers must attend to the fine details of the visual stimuli very carefully before making perceptual responses. Immediate feedback to the observers' responses was provided on each trial. Whenever they gave the wrong answer, they were provided enough time to inspect and determine the correct choice. Traditional orthoptics involves less active participation from the patient, and it rarely involves the element of direct feedback or a "computer game" situation of "competing for better scores." We postulate that practice with feedback allows some sort of recalibration or reweighing of disordered visual mechanisms, enabling observers to sample the stimulus information more efficiently and to reduce the uncalibrated internal position jitter. It has been suggested that learning is mediated by synaptic plasticity, 59 -61 and perhaps The acuity data of adult amblyopes from a recent study 46 (gray open symbols) are shown. The ages of the observers are shown in parentheses. For several observers, the measurement of visual acuity was performed only before and after the entire learning experiment.
this forms the basis of cortical reweighing. However, these changes may be due in part to higher-level processes in which the observer learns to attend to the most salient information with the amblyopic eye.
Perceptual learning may be a very useful approach for treatment of amblyopia. Levi et al. 62, 63 first showed that practicing a Vernier task repetitiously can improve visual performance in adult amblyopes. One of their observers even showed a strong improvement (50%) in visual acuity after six sessions of practice. It appears that practicing other visual tasks, such as contrast detection, may also lead to the improvement of visual perception in the amblyopic eye. 37, 43 Previous studies have shown that the gained improvement in acuity with perceptual learning can be substantially maintained for a period. 43, 46 With practicing position discrimination, we found that there is a generalized improvement in performance of other untrained, higher level visual tasks. 46 The period of training is relatively brief (only 7-10 sessions) and may therefore be more practical than prolonged occlusion. All these studies support the notion that perceptual learning is a potentially useful technique to be applied in clinical situations. In future studies, the use of a combination of different visual tasks for amblyopia treatment should be considered.
Questions remain about how amblyopes improve the ability to extract stimulus information with learning. We previously reported that, in normal observers, a retuning of the behavioral receptive field or "decision" template can fully account for the improvement in visual performance. 64 This template retuning may also explain the improved efficiency of our amblyopic observers; however, we note that in contrast to normal observers, some of our amblyopes (both children and adults) also showed a reduction in internal noise.
